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The liquid structure of seven representative Fe–Si–B alloys has been investigated by ab initio molecular dynamics simulation focusing on the
role of clusters in terms of glass-forming ability (GFA) and crystallization. It is demonstrated that the type of primary phase precipitated from
amorphous state under heat treatment is determined by the relative fraction and role of various clusters in melt. The alloy melt shows higher
stability and resultantly larger GFA when there is no dominant cluster or several clusters coexist, which explains the different GFAs and
crystallization processes at various ratios of Si and B in the Fe–Si–B system. The close correlation among clusters, crystalline phase and GFA is
also studied.
& 2015 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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As one of the prerequisites for the easy formation of metallic
glasses (MGs), chemical short range order (CSRO) is well
known in transition-metal-metalloid (TM-M) type MGs [1,2].
Recently, atomic clusters consisting of several atoms have been
observed directly [3], which conﬁrms that MGs can be
considered as the dense packing of atomic clusters. So the short
range order (SRO) can be treated as the basic unit for exploring
the merits of MGs. For a given alloy system, the cluster types in
liquid and amorphous state are changeless. However, the
difﬁculties are encountered when attempting to explain the
different glass-forming abilities (GFAs) [4] and different primary
phases precipitated from amorphous state under heat treatment
[5,6] by using existing models and empirical rules, such as the
efﬁcient cluster packing (ECP) model [7], mixing enthalpy and
multi-component guiding principles [8].10.1016/j.pnsc.2015.02.002
15 The Authors. Published by Elsevier GmbH. This is an open ac
mmons.org/licenses/by-nc-nd/4.0/).
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nder responsibility of Chinese Materials Research Society.The roles of SROs in glass-forming alloy are still open. On the
one hand, SRO in melt prevents the appearance of structurally
different ordered phases, tends to stabilize the undercooled liquid
[9], and lowers the driving forces for nucleation of the crystalline
phase [10]. On the other hand, SRO favors the crystallization, as
it has the chance to promote the crystallization even in the
undercooled melt [11] by participating in nucleation without
breaking chemical bonds [12]. So, the two effects are paradoxical,
and further investigations on the effects of SROs on GFA and
crystallization are needed.
In this paper, the effects of SROs in the Fe–Si–B alloy system
on the glass formation and crystallization were investigated, and
a brief relationship between clusters, primary phase and GFA
was also studied.
2. Methods
Seven representative compositions (see Table 1) are selected
according to the plot of critical ribbon thickness against Fe–Si–B
composition [4]. All alloys are equilibrated at 30 K above the
liquidus temperature obtained from literatures [13].cess article under the CC BY-NC-ND license
Table 1
The CSRO information and primary phases of the Fe–Si–B alloy system.
Alloys CSRO type Fe-centered (%) Si-centered (%) B-centered (%) Primary phase from literatures Critical thickness (μm) [4]
Fe70Si10B20 P-type 0.10 12.49 11.06 – 80
S-type – 44.72 71.96
Fe75Si6B19 P-type 0.38 14.83 19.23 Fe(Si) [5] 150
S-type – 42.25 69.70
Fe75Si10B15 P-type 0.22 11.89 22.01 Fe3BþFe3Si [6] 250
S-type – 63.01 62.87
Fe75Si18B7 P-type 0.23 5.05 18.51 Fe3Si [5] 20
S-type – 82.81 25.24
Fe78Si9B13 P-type 0.6 17.6 31.5 Fe(Si) [18] 180
S-type – 56.4 38.0
Fe80Si4B16 P-type 4.0 18.38 43.62 Fe3B [6] 120
S-type – 49.86 48.59
Fe84Si6B10 P-type 10.97 30.00 48.19 Fe(Si) [5] 20
S-type – 46.19 29.81
Fig. 1. Partial and total pair distribution functions of Fe84Si6B10 alloy melt.
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initio molecular dynamics (AIMD) simulations. As a comple-
tely independent route, AIMD simulations is often used to
obtain the static liquid and amorphous structure, and deduce a
general trend by systematically comparing a number of MG
systems with different chemical make-ups [1]. AIMD has been
used to model the local atomic structure of MGs and alloy
melts, and has been shown to reliably reproduce experimental
observations, e.g., the extended X-ray absorption ﬁne structure
(EXAFS) and neutron scattering spectra, and the results from
other simulation methods, e.g., reverse Monte Carlo [3,14–16].
AIMD is capable of providing reliable simulation for investi-
gating the microstructure at the atomic scale. In our simula-
tions, a cubic cell containing 100 atoms with periodic
boundary conditions and 3000 conﬁgurations was used for
structure analysis after every system was equilibrated at 30 K
above its liquidus temperature for 3 ps. For more details, it can
be seen in Ref. [14].3. Results and discussion
The partial and total pair distribution functions (PDFs) of the
seven alloys are similar, and a sample is shown in Fig. 1. It can
be seen that metalloid atoms show weak ﬁrst-nearest peaks and
strong second-nearest peaks with each other. More impor-
tantly, the PDFs of Fe–Si–B in amorphous state are similar to
that of liquid state except the predictable splitting of the second
peaks in curves [17]. This is due to that amorphous structure is
hereditary from its precursor through rapid solidiﬁcation, and
both are similar to each other in structure and cluster type
except the cluster size. From Fig. 1, it can be seen that there
exist the same clusters of FeSi, FeB and pure Fe clusters in the
seven alloys.
Voronoi Polyhedra (VPs) analysis is performed on the
atomic conﬁguration and a signature is employed to represent
shapes of the polyhedron: 〈n3, n4, n5, n6〉, i.e., nj is the number
of j-sided faces. Fig. 2 presents the largest and second largest
fraction atom-centered VPs and its sum diagram for the Fe–Si–B alloy system. The key ﬁndings obtained from Fig. 2 are
summarized as follows:(1) For various alloys, the polyhedron with the index of 〈0, 3,
6, 4〉 has the largest fractions for both Si and Fe atoms.
As 〈0, 3, 6, 4〉 and its derivatives 〈0, 1, 10, 2〉, 〈0, 2, 8, 2〉
are usually considered as the deformed body-centered
cubic (bcc) VPs, Si atoms have the similar bcc-like envir-
onment with Fe matrix.(2) The sum of the largest and second largest B-centered VPs,
i.e., 〈0, 3, 6, 0〉 and 〈0, 2, 8, 0〉, is around 24%, which is
much higher than that of Si-centered VPs. This suggests
that for the Fe–Si–B ternary system, (FeB) clusters are
formed much more easily than (FeSi) clusters.(3) Though it is difﬁcult to relate the fraction of Fe-, Si-, B-
centered VPs directly with its critical thickness in Table 1,
the sum of ﬁrst and second largest atom-centered VPs has
demonstrated a direct bearing on the GFA. In detail, the
highest B-centered VPs correspond to the largest GFA, i.e.,
250 μm of Fe75Si10B15, and the highest Fe-centered VPs
correspond to the smallest GFA, i.e., 20 μm of Fe75Si18B7.
Fig. 2. The largest and second largest fraction of atom-centered VPs and its
sum diagram of Fe–Si–B alloy system.
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various GFA, CSRO analysis is explored. Specially, the CSRO
is conﬁned to the nearest-neighbor (NN) shell in our discus-
sion. An atom-centered CSRO in which other same type atoms
can be found is called an S-type CSRO. If the atoms in the NN
shell all are pure Fe atoms, then this CSRO is called a P-type
CSRO. So, a Fe-centered P-type CSRO in fact is a pure Fe
cluster. The fraction of atom-centered CSROs for the seven
alloy melts and the primary phases of the corresponding MGs
are listed in Table 1.
As Fe–Si alloy melt has demonstrated its poor stability by
the precipitation of crystalline phase during a rapid quenching
process [19], while Fe–B alloy melt can be frozen to 0.04 mm
thick amorphous ribbons, it is safe to speculate that (FeSi)
clusters have larger driving force and will be precipitated prior
to (FeB) clusters in Fe–Si–B alloy. According to the Fe–Si–B
equilibrium phase diagrams, the precipitation of Si-containing
primary phase is followed the sequence of Fe(Si), Fe3Si, FeSi
with the increase of Si content [20]. From Table 1, Figs. 1 and
2 and these conclusions, it is interesting to note that:1. Primary crystalline phase precipitated from amorphous state
has shown great consistency with the dominant clusters in
melt. This is speciﬁcally revealed by Fe75Si10B15, Fe75Si18B7,
Fe80Si4B16, Fe84Si6B10 alloys and their primary phases, as the
precipitation of Fe atoms is usually accompanied by Si atom.2. The higher Fe content (70 at%-80 at%-84 at%) has
caused the higher Fe-centered P-type CSRO (0.1%-
4.0%-10.97%). In other words, pure Fe clusters increases
with Fe content in melts. For Fe84Si6B10 alloy, pure Fe
clusters dominate. As diffusion-controlled aggregation of
pure Fe clusters can promote the nucleation of α-Fe phase,
the poor GFA of Fe84Si6B10 is evidenced, which is shown
by the 20 μm critical thickness. This is also explained the
fact that α-Fe phase is precipitated ﬁrstly from Fe84Si6B10
MG in the form of Fe(Si).3. For the alloy with high Si content, such as Fe75Si18B7, the
S-type CSROs account for 82.81% in Si-centered CSROs,
so the micro-area chemical composition in amorphous state
approaches the content requirements of Fe3Si phase, which
probably results in the earliest precipitation of Si-rich Fe3Si
phase. Combining the fact that Fe75Si18B7 alloy has shown
the largest Fe-centered bcc VPs from Fig. 2, the increasing
Si content seems to increase the bcc type units, which
damages the stability of alloy melt, and leads to poor GFA.4. For Fe80Si4B16 alloy, the ratio of Si/Fe is too low to
precipitate Si-containing phase. Instead, B-centered clusters
is dominant and meets the content requirements of Fe3B
phase relatively easy, so (FeB) clusters precipitate prior to
(FeSi) clusters, breaking the established precipitation
sequence. This sequence is corrected at higher Si/Fe value,
such as Fe75Si6B19, in which the precipitation of (FeSi) is
followed by (FeB) closely, resulting in almost simultaneous
precipitation of Fe3B and Fe(Si) phases observed in
experiment [5].5. For Fe75Si10B15 alloy, both (FeSi) and (FeB) clusters have
present relative large fraction of S-type CSROs, 63.01%
and 62.87%, respectively. When both (FeSi) and (FeB)
clusters are dominant in melt, the crystallization of MG is
characterized by the simultaneous precipitation of two
primary phases (Fe3B, Fe3Si) in an undistinguishable
mechanism [6], and hence shows the high stability and
large critical thickness (250 μm).6. Fe78Si9B13 is the near eutectic composition according to the
deﬁnition of Decristofaro [21]. According to the effects of
strong clusters at eutectics [22], the liquid structure of
Fe78Si9B13 should be unique and stable, and thus show
large critical thickness.
Therefore, for a given alloy system, when only one type of
clusters dominates, it is prone to destabilize and precipitate
ﬁrstly. If there is no dominant clusters or several clusters
coexist, complicated structure forms and diverse components
present to stabilize the liquid and promote glass formation by
inhibiting the crystallization, which meets the ‘confusion
principle’ [23]. Furthermore, the view that cluster coexistence
promotes the GFA is consistent with the theory of multi-
component chemical short-range order (MCSRO) [24].
It is easier to understand the continuous variation of critical
thicknesses with chemical composition of Fe–Si–B system
when taking above discussions into account. The stabilities
and GFAs of Fe–Si–B system can be attributed to the relative
fraction and the role of various clusters (pure Fe clusters, (FeB)
and (FeSi) clusters), which is different from the viewpoints
proposed by Ko [11].
The results above have also suggest that melts, MG and
primary crystalline are connected closely by their interior
clusters. As one of the most typical meta-stable material
bridging liquid and crystalline material, MG can offer an
alternate possibility to explore the detailed information of
clusters. The information of clusters in Fe-based alloy melts is
always difﬁcult to obtain directly, because of the limited
Fig. 3. Schematic diagram of correlation between clusters, GFA and
primary phase.
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usually treated as ‘frozen liquid’ the ordering in amorphous
state can be considered as the continuation in melt. Experi-
mental results have already suggested that clusters in Fe-based
alloy melt can be maintained until amorphous state [25].
Ordering and growth of pre-existed clusters turn into the
primary task on the micro scale when under heat treatment
[26]. So, investigating the relaxation and crystallization
procedure of MG, can offer the chances for exploring cluster
information. It is accepted that amorphization is indeed a
competing process between disordering and ordering, which
are aimed at a glass and a crystalline material, respectively. So
the crystallization trend has been used to measure the GFA of
MGs. One of the most typical GFA criteria, supercooled liquid
region (ΔTx¼TxTg) is widely used and assimilated by
subsequent work [27], in which the viewpoint that the higher
the ΔTx, the larger the GFA is emphasized.
Combining the role of clusters and the above discussion, the
correlation between clusters, GFA and primary phase can be
summarized as in Fig. 3.
It may be concluded that MG can serve as the appropriate
bridge connecting the melt and primary phase. More impor-
tantly, the GFA and primary phase of MG are determined by
the relative fraction and role of clusters in melt. These concepts
can be used as a guideline for tailoring large GFA material and
the primary phase of MG.
4. Conclusions(1) The different GFAs of Fe–Si–B system is resulted from the
relative fraction and the role of various clusters, including
pure Fe clusters, (FeB) and (FeSi) clusters.(2) When only one type of clusters dominates in Fe–Si–B melt,
it will precipitate ﬁrstly from amorphous state under heat
treatment. If there is no dominant cluster or several clusters
coexist, the alloy melt is much more stable and shows
larger GFA.(3) The MG and its interior clusters can serve as the appro-
priate bridge by connecting the melt and primary phase.Acknowledgment
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